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Abstract
Lifelong bilingualism is associated with delayed dementia onset, suggesting a protec-
tive effect on the brain. Here, we aim to study the effects of lifelong bilingualism as a
dichotomous and continuous phenomenon, on brain metabolism and connectivity in
individuals with Alzheimer's dementia. Ninety-eight patients with Alzheimer's demen-
tia (56 monolinguals; 42 bilinguals) from three centers entered the study. All under-
went an [18F]-fluorodeoxyglucose positron emission tomography (PET) imaging
session. A language background questionnaire measured the level of language use for
conversation and reading. Severity of brain hypometabolism and strength of connec-
tivity of the major neurocognitive networks was compared across monolingual and
bilingual individuals, and tested against the frequency of second language life-long
usage. Age, years of education, and MMSE score were included in all above men-
tioned analyses as nuisance covariates. Cerebral hypometabolism was more severe in
bilingual compared to monolingual patients; severity of hypometabolism positively
correlated with the degree of second language use. The metabolic connectivity ana-
lyses showed increased connectivity in the executive, language, and anterior default
mode networks in bilingual compared to monolingual patients. The change in neuro-
nal connectivity was stronger in subjects with higher second language use. All effects
were most pronounced in the left cerebral hemisphere. The neuroprotective effects
of lifelong bilingualism act both against neurodegenerative processes and through
the modulation of brain networks connectivity. These findings highlight the relevance
of lifelong bilingualism in brain reserve and compensation, supporting bilingual educa-
tion and social interventions aimed at usage, and maintenance of two or more
languages, including dialects, especially crucial in the elderly people.
K E YWORD S
Alzheimer disease, default mode network, fluorodeoxyglucose F18, multilingualism, positron-
emission tomography
Received: 17 March 2021 Revised: 28 June 2021 Accepted: 14 July 2021
DOI: 10.1002/hbm.25605
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. Human Brain Mapping published by Wiley Periodicals LLC.
Hum Brain Mapp. 2021;1–12. wileyonlinelibrary.com/journal/hbm 1
1 | INTRODUCTION
Extended longevity for older age is associated with higher prevalence
of cognitive decline and prospective dementing disorders, with the
accompanying social and healthcare burden. The consequences of
these projections suggest the need for maintaining brain health and
cognitive efficiency across the lifespan, enabling older adults to func-
tion independently for longer.
Normal aging is characterized by neurophysiological and neuroan-
atomical changes of the brain (Ziegler, Dahnke, & Gaser, 2012).
Considering the relative lack of success in developing effective phar-
macological therapies to halt neurocognitive decline and prospective
dementing illnesses (Massoud & Gauthier, 2010), a precise societal
responsibility consists in identifying ecologically valid conditions and
interventions aimed at promoting healthy aging through cognitive and
neural reserve mechanisms. Activities such as physical exercise and
cognitive training are the promising candidates to mitigate the effects
of brain aging on daily functioning (Barulli & Stern, 2013; Cabeza
et al., 2018), and lifestyle (e.g., volunteering, Mediterranean diet) and
psychosocial factors (e.g., education, socioeconomic status, occupa-
tional attainment, and social engagement) are associated with a
reduced or delayed expression of dementia symptoms and underlying
brain pathology (Baumgart et al., 2015; Winblad et al., 2016). Cru-
cially, recent observations have pointed that speaking two or more
languages may foster healthy aging by promoting cognitive and neural
reserve (Bialystok, 2021; Perani & Abutalebi, 2015), resulting in milder
cognitive effects of stroke (Alladi et al., 2016), delayed-onset demen-
tia (Alladi et al., 2013; Bialystok, Craik, & Freedman, 2007), and pro-
tective role against the expression of other neurodegenerative
disorders (Voits, Pliatsikas, Robson, & Rothman, 2020). One conjec-
ture for this bilingual effect is that, bilingual individuals, compared to
monolinguals, are in need to develop an increased ability to control
languages, solving linguistic competition to keep the languages sepa-
rated and avoid context-oriented interference (Calabria, Costa,
Green, & Abutalebi, 2018). This would enhance a set of cognitive
functions and top-down processes including selective attention and
executive abilities, as it was shown for senior bilinguals compared
to age-matched monolinguals (Bialystok, Craik, & Luk, 2012;
Valian, 2015). Of note, Valian argues that it is plausible to observe
better performance in elderly bilinguals versus age-matched monolin-
guals when compared to younger bilinguals versus younger
monolinguals, as many behavioral studies report. Her line of argumen-
tation is that younger subjects are so much exposed to many other
cognitively challenging activities that any bilingual effect may be
masked or canceled out. Once individuals age and retire, they are usu-
ally less exposed to multiple other activities and hence bilingualism
may make a difference. (Valian, 2015). Language control emerges from
the integration of distinct cortical and subcortical systems associated
with domain-general executive functions and, in bilinguals, because of
the extended usage of these systems, the brain connections are more
strongly developed (Abutalebi & Green, 2016). Structural neuroimag-
ing studies comparing bilingual to monolingual seniors have shown a
positive association between lifelong bilingual experience and gray and
white matter plastic changes in areas traditionally related to language
acquisition and processing as well as in the neural network for language
control (Abutalebi et al., 2014; Abutalebi et al., 2015a; Coggins, Ken-
nedy, & Armstrong, 2004; García-Penton, Pérez Fernández, Iturria-
Medina, Gillon-Dowens, & Carreiras, 2014; Luk, Bialystok, Craik, &
Grady, 2011; Olsen et al., 2015; Pliatsikas et al., 2020). As some of the
regions and circuits of the language control network, such as the prefron-
tal cortices, are most vulnerable to aging, bilingual experience may protect
the brain against atrophy and prospective age-related disease (Bialystok
et al., 2012; Hervais-Adelman, Moser-Mercer, & Golestani, 2011), either
because sufficient neural substrate remains to support normal function or
because compensatory strategies are employed to maintain and optimize
performance (Perani & Abutalebi, 2015).
Consistent with these findings, bilinguals with neurodegenerative
brain diseases, such as Alzheimer's dementia (AD) show a later onset of
the symptoms and suffer to a lesser extent from associated cognitive
deficits. For example, some studies have reported a delay of 4–5 years in
the onset of AD symptoms in bilinguals as compared to age-matched
monolinguals (Alladi et al., 2013; Bialystok et al., 2007; Bialystok, Craik,
Binns, Ossher, & Freedman, 2014; Chertkow et al., 2010; Craik &
Bialystok, 2010; Woumans et al., 2015; see Anderson, Hawrylewicz, &
Grundy, 2020 for a meta-analysis). Additionally, using multiple languages
from early life seems to protect against mild cognitive impairment, a sign
of brain decline often observed before AD diagnosis (Perquin
et al., 2013). A recent study (Smirnov et al., 2019) has also shown a sig-
nificant correlation between the thickness of a core cognitive control
region (i.e., anterior cingulate cortex) and naming performance in the
nondominant language in bilingual AD patients, whereas no such correla-
tion was found in healthy controls. More importantly, studies have
shown that bilinguals with AD tend to exhibit more extended brain atro-
phy than monolinguals when cognitive performance is matched across
the groups (Schweizer, Ware, Fischer, Craik, & Bialystok, 2012).
One of the most accurate tools to study the influence of cognitive
reserve upon brain disorders is PET and especially fluorodeoxyglucose
(FDG)-PET. FDG-PET has been successfully employed to study neuro-
degenerative diseases, and a growing body of research has provided
convincing evidence for highly specific patterns of FDG-PET
hypometabolism in distinct dementia conditions, even before brain
atrophy may become manifest (Perani, 2014; Perani et al., 2014).
FDG-PET offers the unique capability to measure resting-state
brain metabolism, which is a direct index of synaptic function and
density (Attwell & Iadecola, 2002; Magistretti, Pellerin, Rothman, &
Shulman, 1999). In individuals with AD and mild cognitive impairment,
higher education and occupation (as proxies of cognitive reserve) cor-
relate with more severe hypometabolism in temporo-parietal areas
and in the precuneus (Garibotto et al., 2008; Perneczky et al., 2006)
and, in addition, with increased metabolism in the dorsolateral
prefrontal cortex, suggesting a compensatory mechanism against
AD-related cerebral neurodegeneration (Morbelli et al., 2013). Unfor-
tunately, despite its growing importance, it is surprising that only two
FDG-PET studies investigated the role of bilingualism as a proxy of
cognitive reserve upon brain metabolism in individuals with AD. The
study of Perani et al. (2017) revealed that cerebral hypometabolism
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was more severe for bilingual subjects, who, despite severe brain
hypometabolism, were in average 4–5 years older than their monolin-
gual peers and performed even better on standard neuropsychological
testing, meaning that they had increased cognitive reserve and were
able to compensate for the cerebral damage to a greater extent than
monolinguals. Perani et al. (2017) also reported increased connectivity
in the executive control and default mode networks (DFNs) in AD
bilinguals compared to monolinguals. Another study utilizing FDG-
PET (Kowoll et al., 2016) held similar results: bilingual seniors diag-
nosed with MCI and probable AD showed significantly higher levels
of glucose hypometabolism in frontotemporal and parietal regions and
in the left cerebellum, compared to monolingual peers matched for
age, gender, and disease severity.
In the present study, we modeled bilingualism with two complemen-
tary approaches, as either a dichotomous or a continuous phenomenon.
We employed FDG-PET to evaluate brain glucose metabolism and brain
dysfunction in large series of bilingual and monolingual individuals with
AD to investigate the neural effects of lifelong bilingualism. According to
the brain reserve hypothesis, we expected more severe cerebral
hypometabolism in the group of bilinguals with AD in comparison to the
monolingual AD patients, at comparable levels of dementia severity. We
also investigated metabolic connectivity (Yakushev, Drzezga & Habeck,
2017; Sala & Perani, 2019), addressing distinct neurocognitive networks
and crucially the language and the executive networks, in bilingual as
compared to monolingual AD subjects, and we tested whether the effect
of bilingualism on either brain metabolism and network connectivity is
dependent on the frequency of lifelong usage of the second language.
We hypothesize that metabolic connectivity will be stronger in bilingual
compared to monolingual individuals with AD due to neural reserve and
neural compensation. Of note, the present study replicates the architec-
ture of a previous one from our group (Perani et al., 2017), however, in
an independent sample of bilingual individuals (and partially independent
sample of monolingual individuals), recruited in a multicentric research
project. In details, differently from the previous study, the present cohort
of bilingual individuals spoke different languages (French/German/Ital-
ian/English, in the group from HUG Geneva, or German/Italian, in the
group from Bozen Central Hospital). As such, results of the current study
are expected to be more generalizable (increased external validity) com-
pared to the previous one. In addition, we refined the methodological
approach concerning metabolic connectivity analyses, by complementing
cross-group modeling (comparison based on visual assessment) with a
continuous approach, similar to the well-established psychophysiological
modeling (fully quantitative assessment). As such, we expect metabolic
connectivity results included in the current study to be very robust.
2 | MATERIAL AND METHODS
2.1 | Participants
Ninety-eight individuals with AD (56 monolinguals and 42 bilinguals)
were selected in three centers: the San Raffaele Hospital, Milan (n = 40;
all monolinguals; 19 males and 21 females), the Bozen Central Hospital,
South Tyrol (n = 17; all bilinguals; 2 males and 15 females), Italy, and the
Geneva University Hospital, Geneva, Switzerland (n = 41; 16 monolin-
guals and 25 bilinguals; 16 males and 25 females). All individuals were
diagnosed with probable AD according to the National Institute on
Aging–Alzheimer's Association consensus criteria (McKhann GM, et al.
2011), confirmed at clinical follow-up. All individuals underwent the
Mini-mental State Examination (MMSE) and a thorough assessment of
cognitive functions, including memory, language, visuospatial, and execu-
tive functions. The clinical diagnosis was supported by the presence of
the AD typical cerebral hypometabolism pattern, semi-quantitatively
assessed at the single-subject level (Sala et al., 2020). For bilinguals, the
choice of language used for cognitive assessment was made by the neu-
rologists and neuropsychologists on the basis of language dominance
and patients' compliance.
All bilingual individuals with AD permanently resided in Bozen,
South Tyrol (n = 17, German/Italian bilingual speakers), a bilingual
region in northern Italy, or in Geneva (n = 25, French/German/Italian/
English bilingual speakers). A language background questionnaire was
used to assess the age of acquisition for each language in the bilingual
group and the level of language use for conversation and reading.
Specifically, the following scale was used for conversation and reading
levels: for all monolinguals, the index was set to 1 = never; for bilin-
guals, the index of second language (L2) use was set to either: 2 = less
than every month; 3 = every month; 4 = every week; 5 = every day.
Based on these data, an index of L2 use was computed in each
patient, by multiplying the scores for conversation and reading of L2.
Thus, the resulting variable ranges from 1 to 25.
As in the previous study, the cohort of monolingual AD patients
was selected on the basis of a complete monolingual education and
exposure and no speaking of dialects.
The cohort of multi/bilinguals included in this study is completely
independent from the one used in a previous published study (Perani
et al., 2017), while there is partial overlap with this previous study for
what concerns the cohort of monolinguals.
Mean and standard deviations of demographic and cognitive fea-
tures were calculated for monolingual and bilingual groups and reported
in Table 1. We tested for differences in age, years of education, MMSE
TABLE 1 Descriptive statistics
N Age Education Gender (F/M) MMSE Disease duration (months)
Bilinguals 42 72.1 ± 8.7 12.5 ± 4.5 28/14 20.5 ± 5.3 2.62 ± 2.44
Monolinguals 56 72.7 ± 6.2 10.8 ± 4.0 33/23 20.4 ± 5.0 2.31 ± 1.51
p-value p = .71 p = .06 p = .43 p = .93 p = .44
Note: p-values were derived from independent sample t-tests or chi-squared test.
Abbreviations: MMSE, Mini-mental State Examination.
SALA ET AL. 3
score, and disease duration between bilingual and monolingual patients,
performing a two independent sample t tests. Differences in the distribu-
tion of gender between the two groups were tested with a chi-
square test.
The study was approved by the San Raffaele Scientific Institute,
and University of Geneva ethical committees. The study was per-
formed in compliance with the Declaration of Helsinki.
2.2 | FDG-PET acquisition and pre-processing
All individuals underwent a FDG-PET imaging session using 3D
PET/CT scans: multi-ring GE Discovery STE in Milan, Philips Gemini
Time-of-Flight in Bozen, and Siemens PET/CT in Geneva. All subjects
were fasted for at least 6 hr and their measured blood glucose level
before radiopharmaceutical injection of 18F-FDG was <120 mg/dl.
Scan static acquisition started 30–45 min after the injection and
lasted for 15 min, in accordance with the EANM guidelines (Varrone
et al., 2009). Image reconstruction was performed by means of an
OSEM (ordered subset expectation maximization) algorithm. The co-
registered CT was used for attenuation correction of the signal and
the dedicated software integrated in the PET scans was used for scat-
ter correction.
2.3 | FDG-PET SPM analysis (comparisons of
monolingual and bilingual individuals)
Each single-subject FDG-PET image was analyzed by means of an
optimized single-subject procedure (Della Rosa et al., 2014; Perani
et al., 2014), allowing the comparison of each AD case to a large
dataset of healthy controls. Briefly, FDG-PET images were first spa-
tially normalized to a dementia-specific FDG-PET template (Della
Rosa et al., 2014) and smoothed by means of an isotropic 3D Gauss-
ian Kernel (full-width-half-maximum: 8 mm). Then, the warped and
smoothed images entered a voxel-level statistical comparison with a
large dataset of neurologically intact controls selected from the
Nuclear Medicine San Raffaele Hospital and the EADC (European
Alzheimer's Disease Consortium, http://www.eadc.info/) databases.
Age was entered as nuisance variable in this analysis in order to
exclude its effect. The comparison generated single Statistical Para-
metric Mapping (SPM) t-maps of regional hypometabolism with level
of significance set at p < .05 family-wise error (FWE) correction for
multiple comparisons. Each individual SPM t-map was evaluated by
neuroimaging experts.
Further, a voxel-wise two-independent-sample t-test was applied
to identify brain hypometabolism patterns overall in bilingual and
monolingual groups as compared to healthy controls. The analysis was
run separately for the two groups. The analysis was corrected for age,
education, and MMSE scores. The p-value was set at p < .05 with
FWE correction for multiple comparisons with a minimum cluster
extent (Ke) of 100 voxels.
Subsequently, a direct comparison of contrast images in monolin-
gual and bilingual individuals was performed to identify between-
group differences using whole-brain voxel-wise two-independent-
sample t-tests. Age, years of education, and MMSE score were
included as nuisance variables. The significance level was set at
p < .001 at voxel level, and p < .05 at cluster level, uncorrected for
multiple comparisons with minimal Ke was equal to 100 voxels.
2.4 | Regression analyses (bilingualism as
continuous phenomenon)
We applied whole-brain voxel-level multiple regressions to test the
extent to which the index of L2 use predicted brain glucose metabo-
lism in the entire patient group (N = 98). Nuisance covariates were
included into the statistical model: age, education, and MMSE scores.
The significance level was set at p < .001 at voxel level, and p < .05 at
cluster level, uncorrected for multiple comparisons with Ke ≥100
voxels.
2.5 | FDG-PET metabolic connectivity analysis in
monolingual and bilingual individuals
We further carried out a brain metabolic connectivity analysis with
the specific aim to investigate resting-state metabolic networks in
both monolingual and bilingual groups. The core assumption of this
analysis is that brain regions whose glucose metabolism is correlated
at rest are functionally associated (Horwitz, Duara, & Rapoport, 1984).
In this study, we applied seed-based interregional correlation analysis
using a voxel-wise SPM procedure as described in Lee et al. (2008), to
investigate differences in metabolic connectivity of resting state brain
networks in AD bilinguals and monolinguals. Namely, we considered
the bilateral executive control network, the language network and the
anterior DMN (aDMN; Lee et al., 2008). We hypothesized a different
involvement of these networks in bilinguals and monolinguals.
First, seed regions were defined from a functional atlas of resting
state networks (as defined by Shirer, Ryali, Rykhlevskaia, Menon, and
Greicius (2012) [findlab.stanford.edu/functional_ROIs.html]). Namely,
for the executive control network, three seeds bilaterally were chosen:
(a) the middle frontal and superior frontal gyri, (b) the inferior parietal
lobules and angular gyrus, and (c) the caudate nucleus; for the lan-
guage network: (a) the left angular gyrus, (b) the left middle temporal
cortex, and (c) the left inferior frontal gyrus; for the aDMN: the ante-
rior cingulate cortex (ACC) and medial frontal cortex (Shirer
et al., 2012). Then, intensity normalization to the global mean was
applied on the warped and smoothed FDG-PET images, and mean
FDG uptake was extracted from the seeds, separately for the mono-
lingual and bilingual individuals. The extracted mean seed counts were
set as variables of interest in a multiple regression model, testing the
extent to which they predicted brain voxel-wise metabolic activity in
the two groups (p < .001 at voxel level, and p < .05 at cluster level,
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uncorrected for multiple comparisons; Ke ≥100). Age, years of educa-
tion, and MMSE score were included as nuisance variables.
2.6 | Interaction between metabolic connectivity
and index of L2 use (bilingualism as continuous
phenomenon)
Across all individuals with AD, we implemented a voxel-wise General
Linear Model to each resting-state network (executive control net-
work, language network, aDMN), testing whether the interaction
between mean seed uptakes (S) and index of use for L2 (L) predicted
metabolism in each voxel (Y) of the corresponding large-scale network
(i), according to the following equation:
Yi¼ αþβ1*Sþβ2*Lþβ3* S*Lð Þþ ε
This model allows to test whether metabolic connectivity between
the seed and each voxel in the rest of the brain is modulated by index of
use for L2. Age, education, and MMSE scores were included as nuisance
variables. We tested whether the interaction between mean seed FDG
uptake (S) and index of use for L2 (L) presented a positive slope (β3 > 0),
specifically measuring increased connectivity, thus testing for compensa-
tory effects of index use of L2. Results were considered significant at
p < .001 at voxel level, and p < .05 at cluster level (uncorrected for multi-
ple comparisons; Ke ≥100 voxels).
Further, and in order to test the specificity of our findings, we
computed this same model for a series of “control” networks, both in
the sensory and motor domains (namely, the primary visual and senso-
rimotor networks) and in the cognitive domain (namely, the salience
and posterior DMN), again based on the FINDlab's atlas.
All statistical analyses were performed using the MATLAB (http://
it.mathworks.com/products/matlab/) (Mathworks Inc., Sherborn, MA)
based software SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/
SPM12/).
3 | RESULTS
3.1 | Descriptive statistics
Descriptive statistics of demographic variables (means and SDs) and
their comparison are reported in Table 1. There were no significant
differences for any demographic and clinical variable (p > .05).
3.2 | FDG-PET SPM group patterns and between
group comparisons (monolingual and bilingual
individuals)
Analyses of brain hypometabolism revealed both similarities and differ-
ences between bilingual and monolingual groups with AD. Specifically,
both groups showed extensive hypometabolism in temporo-parietal
associative cortices, the PCC (posterior cingulate cortex) and precuneus
consistent with the typical pattern found in individuals with AD. Of note,
bilinguals presented additional hypometabolism in the left inferior frontal
F IGURE 1 Brain hypometabolism in monolingual (purple) and bilingual (yellow) patients with probable AD. Commonalities in brain
hypometabolism of the two groups are represented in pink. All results are shown at p < .05 FWE and with Ke ≥100. Images are displayed in
neurological convention (the left side of the brain at left in the figure), with results overlaid on a high-resolution MRI standard template to
illustrate commonalities and differences of cerebral hypometabolic patterns between the two groups
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gyrus, left superior middle and inferior temporal gyrus, insula and ACC
(all results are reported at p < .05 FWE_corrected for multiple compari-
sons; Ke ≥100; Figure 1).
The direct comparison between groups confirmed the more severe
left hemispheric hypometabolism in bilinguals encompassing the left supe-
rior temporal gyrus, insula, and Rolandic frontal operculum (p < .001 at
voxel level, p < .05 at cluster level, uncorrected for multiple comparisons;
Ke ≥100). Monolinguals did not report more severe hypometabolism than
bilinguals in any brain region (p < .001 at voxel level, p < .05 at cluster
level, uncorrected for multiple comparisons; Ke ≥100).
3.3 | Regression: Index of L2 use (bilingualism as
continuous phenomenon)
The index of L2 use significantly and negatively predicted brain metabo-
lism in the left hemisphere, namely, in the inferior frontal gyrus, frontal
and parietal operculum, insula, and supramarginal gyrus (p < .001 at voxel
level, p < .05 at cluster level, uncorrected for multiple comparisons; Ke
≥100—Figure 2). In other words, higher indexes of L2 use correlate with
more pronounced patterns of hypometabolism in these regions.
3.4 | FDG-PET metabolic connectivity
(monolingual and bilingual individuals)
3.4.1 | Executive control network
Using the bilateral parietal seeds (i.e., superior lobules and angular
gyrus), we found significant metabolic connectivity between these
parietal and contiguous regions, such as the cuneus, precuneus, and
the PCC, in bilinguals only. Similarly, the bilateral middle and superior
frontal gyri seeds showed significant metabolic connectivity with
orbitofrontal regions, in bilinguals only. Further, metabolic connectiv-
ity of the frontal seeds resulted also enhanced in bilinguals with the
left angular gyrus and the left inferior parietal lobe. Using the bilateral
caudate nucleus as seed, a different network in bilinguals as compared
with monolinguals emerged, encompassing the anterior, middle, and
posterior cingulate cortex, and with additional connections with the
dorsolateral prefrontal cortex, orbitofrontal cortex and right inferior
frontal gyrus (pars orbitalis) in (p < .01 at voxel level, FDR-corrected
for multiple comparisons, p < .05 at cluster level; Ke ≥100—Figure 3).
3.4.2 | Language network
We found a more extended pattern of metabolic connectivity in bilin-
guals than monolinguals between the left angular gyrus (seed), the left
dorsolateral prefrontal cortex, and the left orbitofrontal cortex. Simi-
larly, when considering the left inferior frontal gyrus as seed, bilinguals
showed significant metabolic connectivity between this region and
the left angular gyrus, the left supramarginal gyrus, the left middle
and superior temporal gyrus, the left inferior temporal gyrus, the left
temporal pole, and the left caudate. The connectivity between the
inferior frontal gyrus and the frontal lobe was enhanced as well, spe-
cifically in the dorsolateral prefrontal and the orbitofrontal cortex,
bilaterally. Finally, the middle temporal gyrus, in bilinguals only,
showed a strong connectivity with the left inferior frontal gyrus (pars
triangularis, opercularis, and orbitalis), the left supramarginal gyrus,
the left parietal lobe, and the left precuneus (p < .01 at voxel level,
F IGURE 2 Negative correlation between index of L2 use and FDG-PET glucose metabolism across all patients (p < .001 uncorrected at voxel
level, p < .05 at cluster level; Ke ≥100; yellow). Result at p < .01 uncorrected at voxel level are also shown (red). Images are displayed in
neurological convention (the left side of the brain at left in the figure), with results overlaid on a high-resolution MRI standard template
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F IGURE 3 Results of the metabolic connectivity analysis in the executive control, the language and aDMNs (see text for details). All results
are shown at p < .01 (FDR-corrected for multiple comparisons) at voxel level, p < .05 at cluster level; Ke ≥100. Images are displayed in
neurological convention (the left side of the brain is shown at left in the figure), with results overlaid on a high-resolution MRI standard template
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FDR-corrected for multiple comparisons, p < .05 at cluster level; Ke
≥100—Figure 3).
3.4.3 | Anterior default mode network
For the aDMN, significant metabolic connectivity was found between
the frontal seed regions (i.e., ACC/medial frontal cortex) and dorsolat-
eral prefrontal cortex in both monolingual and bilingual groups. In
bilinguals, the seed regions were in addition significantly connected
with the left inferior and middle temporal gyrus, the left temporal
pole, the left supramarginal gyrus, and the left angular gyrus
(p < .01 at voxel level, FDR-corrected for multiple comparisons,
p < .05 at cluster level, Ke ≥100—Figure 3).
3.5 | Interactions between metabolic connectivity
and index of L2 use (bilingualism as continuous
phenomenon)
3.5.1 | Executive control network
For the executive control network, the index of L2 use modulated
connectivity between: (a) the frontal seed and the left inferior and
middle temporal gyrus, and the left supramarginal gyrus; (b) the parie-
tal seed with the left inferior temporal gyrus. The index of L2 use was
not associated to the metabolic connectivity in the network with the
caudate nuclei as seeds (p < .001 at voxel level, p < .05 at cluster level,
uncorrected for multiple comparisons; Ke ≥100—Figure 4).
3.5.2 | Language network
For the Language Network, the index of L2 use modulated brain con-
nectivity between the angular gyrus as seed and the left orbitofrontal
cortex, the left inferior and middle frontal gyri. Considering the middle
temporal gyrus as seed, the index of L2 use modulated metabolic con-
nectivity between this region and multiple brain areas, namely the
precuneus bilaterally, left cuneus, left middle and superior occipital
gyri, right supplementary motor area, and paracentral lobule. Finally,
the index of L2 use modulated metabolic connectivity between the
left inferior frontal gyrus and the left superior and middle temporal
gyri, and the angular gyrus (p < .001 at voxel level, p < .05 at cluster
level, uncorrected for multiple comparisons; Ke ≥100—Figure 4).
3.5.3 | Anterior default mode network
For the aDMN, the index of L2 use modulated metabolic connectivity
between the seeds (ACC/medial frontal cortex) and the left superior
temporal and angular gyri (p < .001 at voxel level, p < .05 at cluster
level, uncorrected for multiple comparisons; Ke ≥100—Figure 4).
Of note, we found no significant results at p < .001 voxel-level,
p < .05 cluster level, uncorrected for multiple comparisons, Ke = 100
voxels, in any of the other tested resting-state networks (the primary
visual, the sensorimotor, the salience and posterior DMNs).
F IGURE 4 Modulation of metabolic connectivity by L2 use.
Networks' seeds are shown on the left. Clusters whose connectivity
with the network's seed is modulated by the index of L2 use are
shown on the right. All results are shown at p < .001 at voxel level,
p < .05 at cluster level (uncorrected for multiple comparisons; Ke
≥100). Images are displayed in neurological convention (the left side
of the brain is shown at left in the figure), with results overlaid on a
high-resolution MRI standard template. BrainNet Viewer was used for
rendering (Xia, Wang, & He, 2013)
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4 | DISCUSSION
In the present study, we investigated the neural mechanisms underly-
ing the ability of bilingual senior citizens to better cope with pathology
and symptoms of AD dementia, as compared to matched monolingual
individuals with AD. To do so, we used different strategies, assessing
the effects of lifelong bilingualism both as a dichotomous and continu-
ous phenomenon, on brain metabolism and connectivity in individuals
with AD. By using FDG-PET to measure brain glucose metabolism, we
showed that cerebral hypometabolism, of note in the left hemisphere,
was significantly more severe and more extended in bilingual than
monolingual individuals. Since our bilingual and monolingual individ-
uals with AD show comparable levels of cognitive impairment, this
result suggests a relevant cognitive reserve effect induced by speak-
ing multiple languages upon the brain in bilinguals. Furthermore, we
report increased connectivity in specific brain neurocognitive net-
works in bilingual as compared to monolingual individuals, with a pre-
dominant effect again in the left hemisphere. This suggests that the
putative protective effect of bilingualism in AD is achieved through
the modulation of spared and dysfunctional brain networks. Notably,
we show that both the effect on brain hypometabolism (brain reserve)
and brain metabolic connectivity (compensatory effect and neural
reserve) are linearly associated with the degree of second language
use, that is, the higher the second language use, the more severe the
hypometabolism and the stronger the increase in metabolic connec-
tivity. Altogether, our results can be understood in the context of two
different neural mechanisms, that is, neural reserve and compensa-
tion, that have been called upon to explain how bilingualism protects
the brain in aging and dementia (Perani & Abutalebi, 2015). These
details will be discussed in the following sections.
Overall, as to our first finding, we report for both groups of indi-
viduals the typical pattern of brain hypometabolism associated to AD,
that is, extensive hypometabolism in lateral parieto-temporal regions,
in the PCC and in the precuneus (Sala et al., 2020). Interestingly,
despite reporting comparable scores on cognitive testing (Table 1) and
being matched for the major demographic variables, bilinguals showed
significantly more severe and extended hypometabolism over the left
hemisphere in the superior temporal gyrus, insula, and Rolandic
frontal operculum (Figure 1). Further, severity of hypometabolism
linearly correlated with our index of L2 use, where more severe
hypometabolism was observed in the individuals that most frequently
used the second language (Figure 2). We interpret these results as
suggesting a relevant brain reserve and neural compensation effects
induced by speaking multiple languages upon the brain. We suggest a
mechanistic explanation of such effect in AD, so that the lifelong
usage of the second language, requiring “overuse” of specific brain
functions and of the associated neurocognitive networks (Abutalebi &
Green, 2016) induces plastic changes in the brain, and an increase of
functional connectivity (cf. Kim et al., 2019). Lifelong bilingualism has
also been reported associated with preservation of white matter
(Abutalebi et al., 2014; Abutalebi et al., 2015a; Abutalebi et al., 2015b;
Luk et al., 2011; Olsen et al., 2015) and gray matter density (Abutalebi
et al., 2014; Abutalebi, Canini, et al., 2015; Bialystok, Abutalebi, Bak,
Burke, & Kroll, 2016; Coggins et al., 2004; García-Penton et al., 2014;
Li, Legault, & Litcofsky, 2014; Luk et al., 2011; Olsen et al., 2015;
Pliatsikas et al., 2020). Altogether, these changes contribute to the
build-up of a brain reserve, conferring a higher resistance against
the effects on aging and AD pathology on the brain, and of a cognitive
reserve so that bilingual individuals are able to retain a similar degree
of residual cognitive function, compared to monolingual individuals, in
spite of presenting more severe and extended brain hypometabolism.
Our results are also in line with the only two previous FDG-PET stud-
ies, where similar differences in the severity of hypometabolism were
observed in independent cohorts of bilingual individuals with AD
(Kowoll et al., 2016; Perani et al., 2017).
This interpretation is also supported by our second finding, that
is, that bilingual individuals present increased metabolic connectivity
specifically in neurocognitive networks (Figure 3) that sub-serve
timely coordination between language systems, so as to speak each
language without interference from the other (Abutalebi &
Green, 2016; Green & Abutalebi, 2013). We specifically observed
increased metabolic connectivity in cortical areas belonging to the lan-
guage, executive and aDMNs, with an increase in connectivity propor-
tional to the frequency of second language use (Figure 4). In details:
as for the Language Network, we found linearly increased connectiv-
ity between left inferior frontal gyrus and angular gyrus, and between
left middle temporal gyrus, precuneus, and supplementary motor area.
As for the executive control networks, we found increased connectiv-
ity between fronto-parietal regions and inferior/middle temporal gyri
and supramarginal gyrus, bilaterally. As for the aDMN, we found
increased connectivity between ACC and left superior temporal and
angular gyri. The temporal brain regions listed above are known to be
involved in language processing, and in particular in semantic
processing (Gleichgerrcht, Fridriksson, & Bonilha, 2015). The fronto-
parietal brain regions listed above have notably been previously
described as part of the “bilingual” executive control network
(Abutalebi & Green, 2016), representing the neural correlate of cogni-
tive processes, such as selection of target response, inhibition of
words from the nontarget language, speech monitoring (Abutalebi &
Green, 2007; Costa, Miozzo, & Caramazza, 1999; Kroll, Bobb, &
Wodniecka, 2006), and language switching (Green & Abutalebi, 2013),
that are crucial to the bilingual experience (Abutalebi & Green, 2016).
Accordingly, previous studies in healthy and cognitively intact bilin-
gual individuals, have shown a greater intrinsic functional connectivity
in executive, default mode (Berken, Chai, Chen, Gracco, & Klein,
2016; Grady, Luk, Craik, & Bialystok, 2015), and language networks
(de Frutos-Lucas et al., 2019), as well as higher axonal density in white
matter tracts, connecting anterior and posterior components in the
executive control network (Pliatsikas, DeLuca, Moschopoulou, &
Saddy, 2017). Here, we extend these findings, showing that the
enhancement of brain functional connectivity that is observed in
healthy bilingual individuals in strategic neurocognitive networks, is
still preserved in individuals with AD dementia. Our findings are also
in line with those of a previous study of ours (Perani et al., 2017), in
which we observed a more extensive pattern of metabolic connectiv-
ity in language, executive, and DMNs, again in bilingual individuals
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with AD. Here, we consistently replicate these findings in an indepen-
dent cohort of bilinguals, and further expand them by proving that the
degree of enhancement of metabolic connectivity is dependent on
the frequency of L2 use (Figure 4). Altogether, these findings suggest
that the bilingualism induces its neuroprotective effect in a dose-
dependent manner, with second language use progressively strength-
ening functional connections between fronto-parieto-temporal
regions involved in language processing (Gleichgerrcht et al., 2015),
executive control, and switching (Cole et al., 2013; Spreng, Sepulcre,
Turner, Stevens, & Schacter, 2013).
We note that, together with bilingualism, other factors can con-
tribute to brain plasticity in aging and AD, including education level
(Garibotto et al., 2008; Malpetti et al., 2017), occupation (Garibotto
et al., 2008; Malpetti et al., 2017), physical exercise (Ahlskog, Geda,
Graff-Radford, & Petersen, 2011), obesity (Malpetti et al., 2018) and
others (Stern et al., 2018). Effects of age (Kakimoto et al., 2016) upon
brain metabolism have also been reported. The control over con-
founding variables is hence a crucial step to identify the specific effect
of bilingualism as cognitive reserve proxy over AD-related brain
hypometabolism, independently of other relevant factors (Bak, 2016).
Many studies, for examples, reported more severe hypometabolism in
AD in subject with higher education, who are able to compensate lon-
ger for brain neurodegeneration compared to subjects with lower
education (Garibotto et al., 2008; Stern, 2012). To this regard, it must
be noted that our cohorts of AD monolingual and bilingual individuals
were matched for years of education, and also did not differ in terms
of severity of cognitive impairment or demographic variables. Note
that we still included years of education, severity of cognitive impair-
ment and age as nuisance covariates in all the analysis, so as to be
sure that the reported effects on brain metabolism and connectivity
are indeed specifically due to bilingualism, and not to other proxies of
cognitive reserve. Altogether, our findings suggest that the effect of
speaking different languages in providing a protection against AD
pathology goes well beyond those of age or education.
Finally, we note that bilingualism contributes to mechanisms of
neural reserve and compensation in a graded fashion and not in accor-
dance to an all-or-nothing principle. This is consistent with the view
that bilingualism does not represent a dichotomous phenomenon
(Grundy, 2020; Kroll & Bialystok, 2013), but can be better understood
as a continuous entity. The presence of a proportionally increasing
effect of bilingualism is of utmost importance for practical applica-
tions. As the beneficial effect of bilingualism in contrasting the conse-
quences of AD is dependent on the degree of second language use,
social programs and interventions should be aimed at preserving a
high level of second or multiple language use in the elderlies, even
after retirement, which usually coincides with a drop in second lan-
guage use in favor of the native language (Abutalebi et al., 2014).
This study has some limitations. While the cohort of bilingual indi-
viduals included in this study was completely independent from the
one published in a previous study (Perani et al., 2017), there was a
partial overlap between the current and the previous study for what
concerns the sample of monolinguals. We opted for inclusion of some
of the previous subjects (monolingual groups only) to avoid increasing
chances of false positive/false negative findings due to reliance on
small samples of individuals, favoring robustness of the results over
independence of the cohorts.
In conclusion, our study provides further support to the concept
that bilingualism acts as a powerful proxy of neural and cognitive
reserve, enhancing language control circuits in the brain, and confer-
ring a protection against AD neurodegeneration, even in advanced
disease stages. We conclude that, as prevention of dementia repre-
sents a top priority in the aging population, health policies aimed at
fostering bilingual or multilingual education should be strongly
promoted.
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